Modified release from lipid bilayer coated mesoporous silica nanoparticles using PEO-PPO-PEO triblock copolymers.
Introduction
Mesoporous silica is a versatile and useful template for biomedical and catalytic support applications. The commonly synthesized template of mesoporous silica nanoparticles, MCM-41, is composed of well-ordered arrays of hexagonally close-packed cylindrical nanopores, where the pores are approximately 3-4 nm diameter [1] . Because of the high porosity and large effective surface area of MCM-41 nanoparticles, they have been used effectively for loading a wide range of molecules, including anticancer drugs such as doxorubicin (DOX) [2] , markers including green fluorescent protein (GFP) [3] , and gene therapy agents such as small interfering RNA (siRNA) [4] . By having drugs encapsulated inside the pores of mesoporous silica, advanced target and release mechanisms can be implemented, such as those triggered by changes in temperature [5] , pH [6] , specific target binding [7] , or the presence of a particular solute [8] . Triggered release is critical for targeted delivery of toxic or insoluble drugs. In our previous work [9] we showed that by lipid bilayer encapsulation of superparamagnetic iron oxide nanoparticles (SPIONs) inside mesoporous silica, a magnetically responsive, core-shell drug carrier can be synthesized. SPIONs have been extensively used in drug delivery and for treating localized hyperthermia [10] . Their integration with mesoporous silica results in a combination of high surface area and magnetic response in a single particle. In this study, the presence of SPIONs inside mesoporous silica was helpful in magnetic separation and removal from solution.
Release studies done in our previous work suggested that a modification was needed to design a faster response toward a trigger stimulus. Simulation and experimental studies done by others have provided insight into Pluronic-lipid interactions and their incorporation into lipid bilayers. Pluronics were shown to enhance membrane fluidity [11] and possibly to create channels or pores in the bilayer [12, 13] . Due to the diversity of Pluronic triblock copolymers, functional behavior differs depending on the copolymerization ratio and total molecular weight of the polymer chain. It has been shown that Pluronics with smaller molecular weight and less hydrophilic contribution resulted in a greater lipid membrane permeability [14] . By this rationale, Pluronic L61 was selected for use with our lipid coated Fe 3 O 4 /mesoporous silica nanoparticles due to its high degree of interaction with the lipid membrane. Fig. 1 shows possible conformations of Pluronic L61 as it interacts with a lipid bilayer based on previously reported computational studies [14] . By local distortion in the lipid membrane, drug cargo contents can be diffused across the bilayer with greater ease. Methylene blue (MB) was employed as an indicator of drug release from superparamagnetic/mesoporous silica-lipid-Pluronic (SMLP) nanoparticles. A similar triblock copolymer, Pluronic L64, was used http://dx.doi.org/10.1016/j.colsurfb.2014.08.013 0927-7765/© 2014 Elsevier B.V. All rights reserved. as a comparison to Pluronic L61 to better understand the role of the hydrophobic structure of Pluronics in the interaction with the lipid bilayer. Both Pluronics share identical PPO content, but due to the fourfold PEO content and thus greater hydrophilicity in L64, its ability to perturb the bilayer is expected to be less than L61.
Materials and methods
Superparamagnetic iron oxide, Fe 3 O 4 , was synthesized by a standard co-precipitation method [15] and further coated with a mesoporous silica shell using the Stöber process [16] . The experimental synthesis of core-shell nanoparticles and lipid coating was adapted from our previous work [9] . Pluronics L61 and L64 were provided by BASF and have molecular weights of approximately 2000 g/mole and 2900 g/mole with PEO wt% of approximately 10 and 40% respectively. The DOPC lipid was obtained from Sigma Aldrich. The final solution comprised of SMLP nanoparticles contained about 2.82 mg/mL of nanoparticles in 2.48 mg/mL of DOPC.
The size and morphology of the synthesized core-shell nanoparticles were investigated by transmission electron microscopy (TEM) on a Philips CM12 at 100 keV. Dynamic light scattering (DLS) was used to determine the particle size distribution; measurements were performed with a Malvern Nano S90. The assynthesized core-shell nanoparticles had some aggregation. The larger agglomerates were suspected to have incomplete lipid coating and potentially complicated the release process compared to the spherical release of a single core-shell nanoparticle. To decrease the particle size polydispersity the as-synthesized nanoparticles were re-dispersed in DI water, placed in an ultrasonic bath for 10 min to break the agglomerates, and followed by 5 min of centrifugal separation (2000 rpm) of the supernatant.
Due to the lack of room temperature (24.5 • C) CMC values for Pluronic L61 in the literature, surface tensiometer measurements were done for both L61 and L64. A small glass petri dish filled with 10 mL of DI water (18 M ) was used with a NIMA PS4 pressure sensor. Small increments of 2-200 L Pluronic L61 or L64 prepared at varying concentrations were added with a glass syringe to the petri dish. Measurements were collected once surface tension readings stabilized.
UV-visible spectrometry measurements were performed with a Varian Cary UV-Vis 300 to record absorbance of MB. The release tests with Pluronic L61 or L64 were done over a period of 2 h at room temperature (RT, 24.5 • C). Prior to addition of Pluronic, the nanoparticle solutions were evenly dispersed into plastic vials, each containing 6 mL. To measure initial t = 0 release, 1 mL samples were taken out. The required concentration of Pluronic was immediately added to the remaining 5 mL left on the shaker. At each interval time 1 mL of solution was collected and the nanoparticles were removed by magnetic separation and the supernatant was used for UV-vis measurements. The presence of nanoparticles inside the sample caused a scattering issue, which affected the UV-vis measurements. Normalized cumulative release values were determined by the release amount as a fraction of the maximum capacity determined by addition of sodium dodecyl sulfate (SDS) to completely remove the lipid bilayer.
Results
The mesoporous structure of silica shell and the presence of SPIONs inside the silica shell can be seen in the representative TEM images in Fig. 2 . These and other similar images revealed that typical core-shell nanoparticle contain multiple SPIONs, each with SPION being ∼20 nm diameter.
The average particle size distribution process was characterized by dynamic light scattering (DLS). The separation process was verified by the DLS data in Fig. 3 to be effective in removing the original bimodal distribution. The bimodal distribution of nanoparticles shows polydispersity, while the centrifugal segregation resulted in a monodisperse distribution with the average size of around 128 nm, consistent with TEM images such Fig. 2 .
To investigate the role of Pluronic concentration on release rate concentrations were chosen based on the critical micelle concentration (CMC). Pluronic concentrations were kept below the CMC value to ensure unimer conformation and to prevent any micelle formation ( Table 1 ). The CMC values commonly reported for L61 and L64 are at physiological temperature (PT, 37 • C) but, as Alexandridis and Hatton [17] had demonstrated, there is a strong temperature-CMC relationship that can cause orders of magnitude differences for the CMC value.
Therefore, we measured the CMC at room temperature (RT) using a NIMA PS4 surface pressure sensor by the Wilhelmy plate method. From surface tensiometer results in Fig. 4 , the CMC values for L61 and L64 at RT are found to be 1.55 × 10 −3 M and 4.28 × 10 −3 M, respectively. These values at RT are higher within an order of magnitude compared to values of 1.1 × 10 −4 M and 4.8 × 10 −4 M at 37 • C [18] . Previous surface tensions for L64 [19] reported at 25 • C show very close agreement with our results at RT.
The effect of L61 and L64 and their concentration on release were studied to understand the effect of Pluronic structure and concentration. Table 1 summarizes the sample names and their conditions. The release measurements from SMLP nanoparticles in Fig. 5(a) indicate that the MB release increases with increasing the Pluronic concentration. Fig. 5(b) shows the MB release from SMLP nanoparticles after 60 min for varying Pluronic L61 concentration at RT and PT. Different parameters such as molecular weight, PPO/PEO composition ratio, and PPO block length can affect the properties of Pluronics [17] . To evaluate the role of ethylene oxide (PEO) on the interaction of Pluronic with lipid bilayer and the release rate, two Pluronics with the same PPO length and very close molecular weight, L61 and L64 are compared. L64 has 40 wt% PEO and L61 contains 10 wt% which makes L64 more hydrophilic. Fig. 6 shows the cumulative release of SMLP nanoparticles as a function of time for Pluronic L61 and L64 at RT and as a function of concentration for various release times.
Discussion
The experiment results show the critical role played by the lipid bilayer in controlling the rate of MB release from the SMLP nanoparticles. Initially, a simplified error function based fitting was attempted with the cumulative release data from Fig. 5(a) . This would match simplified Fick's diffusion. However, due to poor fitting, a logarithmic equation was used instead here.
where a and b are constants, y shows the cumulative release percentage, C max represents the maximum loading capacity as determined from addition of sodium dodecyl sulfate (SDS) to However, the experiments were carried out with n = 5 and the standard deviation (SD) being ±0.77% (times less than 10 min) to 18% (for times more then 30 min). The SD increased at longer times. The inset shows the first 10 min of the release. The MB release measurements from SMLP nanoparticles after 60 min for varying Pluronic L61 concentration at RT and PT (b).
remove the lipid bilayer completely, and C t show the methylene blue concentration at time t. The cumulative release of MB from SMLP nanoparticles is shown in Fig. 5(a) . To determine the maximum dye loading, SDS was added to the control sample and upon addition, the solution showed immediate signs of methylene blue release (in less than 1 min). From this observation, and the fact that SDS is responsible for dissolving the lipid bilayer coating, diffusion of dye through the lipid bilayer is the rate determining step. The increase of MB release with Pluronic concentration indicates the effectiveness of Pluronic in decreasing the mass transport resistance in the lipid bilayer, and hence increasing the MB permeability of the lipid bilayer.
A previous report [17] showed that an increase of 10 • C in temperature can change the CMC by one order of magnitude. Therefore, the role of temperature on Pluronic L61-lipid interaction and release behavior was investigated at room temperature and physiological temperature (PT). According to Fig. 5(b) , the release at PT has the same behavior as at RT. The increase in the release at higher temperature can be described based on a greater diffusion rate at greater temperatures, as well as greater fluidity and greater MB permeability of the lipid bilayer.
From the release behavior shown in Fig. 6(a) , it can be seen that the difference between L61 and L64, as plotted, is marginal. This indicates that L61 and L64 have the same behavior when their concentrations are calculated as percentage of their CMCs. Since the CMC concentration of L61 is much lower than L64, at a particular percent-CMC concentration of L64, there is substantially less L61 present. By viewing the results as a function of the concentration in Fig. 6(b) , it can be concluded that at a fixed concentration L61 is more effective than L64 in releasing the MB. The parallel slope lines indicate that the release rate is independent of time. The average slope for L61 was found to be 7.47% per mM, while for L64 it is 1.79% per mM. Interestingly, the fourfold difference between the two roughly correlates to the fourfold difference in PEO content between L61 and L64.
A similar conclusion was made by Batrakova et al. [20] when comparing the efficacy difference between P85 and L81. A greater distortion effect was seen with P85 at a fixed concentration due to its greater CMC value and thus, greater unimer concentration present at the CMC cut-off. When compared per unimer basis, our results agree with prior simulation results from Nawaz et al. [14] that L61 should cause greater lipid bilayer distortion compared to L64.
Conclusions
We have demonstrated that the release rate of lipid bilayercoated core-shell nanoparticles can be finely tuned by Pluronics, a result which may aid the development of drug delivery systems.
Both Pluronic L61 and L64 showed a linear increase in release with respect to concentration. In particular, Pluronic L61 resulted in a four-fold greater release over L64, which can be associated to their PEO content, where the lower hydrophilicity causes greater distortion in the lipid membrane. Both Pluronics showed similar behavior at the same CMC-percentage concentration. It was shown that with a concentration of 5.61% CMC (at RT), nearly 75% of the loaded MB was released after 2 h. A similar result was achieved at physiological temperature, 37 • C, in 1 h, indicating that the elevated temperature increases diffusion of MB from the nanoparticles as expected. For physiological applications it is necessary to understand the long-term stability of Pluronic inside the lipid bilayer. Nevertheless, the application of Pluronic to lipid bilayers is promising for decreasing the required magnetic field and exposure times for triggered drug release.
